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The Field Emission Initiated Vacuum Arc. 1. Experiments on Arc Initiationoe
P 10% ak~i. 1%. IK.t hel %%. V.. M %o if-. %%m .J. I'. It %omnneuo

P..~ ~ ~~Ll ,.. fi ',ln~ it eld ( Wk get, .111in ~loe~rille. (OqreoI
Mrqekrd % m.I 1 .441, 11I5.l)

111 .. . 11 v. I t*$ I 1.i t I I -C . el 1. itsL I. Ne .P I % ce'e, *ifeir al dcir t isw lei can Iw oriit it int el I % ic.el I rmi-.Mon. TIhe
III.k , *.I'r Ii I I u 1 It lirt -tItii. I -.4 hat i ii i i iitiqitsIire ov?, Uto lit Irr leatlit ittinj of exta elent vacuumi anti a

Aý 11v tin-lt * rrvihi Jrii,ijI fntel lite itigir* % r%,.tts tuligRelvim emithtro iii ciontinutpuiily IncreasetI, lift notional
t i .te ''riiiii.strI I,%- an exilomlevje voicuunt aw. Since, thiet loreakeIton toccurs in IpmI than a mia-roosecaerl.

fl rI.rit iti ..l. ervaltjsleiR %v rre isPtAiiierI I,.%. uvw cof pulse elmIettneic techniq~uess. TIhe magnitudte of the elec -
hit ji~ll. nreui .I mit, llil wiirk functioin at t he crat how e were %inuIlh~l aeeltIRy girlterminedl prior to break .

.I,,cc is. lrism~ thi-t sitt-.:itAhii..ak it h&4 lepern etahitiheol that;
(I) h' %~c.It Wels Aun' 11%.116 inlitiAtC4 at A critical value is( the lirlil cutrrent tIrniilY o.f the 4onrulr ti4 111 am-

I wrr% ties;.
I.!, lore-ak.ioun uaii jIredlictalilc antl wit rminitiin; in facl easily ne4qtrisahIle conalitligma tifte-ediflg are-

i,.vnoutliat have lwa-,, e ala~ishAil; idt current .iens~ihie just laritis, fhie trilical value, an electron emitivnn
liveca ail. NwrveiI. tahich .ajmparrsillY invailver Irigot high electric (wlala6 anti high tentlifraturtes;

4.1) arc f.,rnatitirm olid nest reqjuire taihowle lIsmliarilmenti lay material frfom the anfoile for from ra-siclual

(4) lbrealedisig %%as inolehienalewl 44 ltfe alaliraIeaicrvt'il v~vhage in the range A< l*<ft) kv, ;irosvidevl
ther critital current ilrn..itv wac. inot ezcc-#,eit;

uiý4 the current dturing arc rx-icrefel the iinitiating fte W4 tuirre-o by a factir aif at least 1till.

INTRODUCTION jiarticle initerthala,. inilt--atism.1 .Adtlsrlie gas on the

HT IGII t-leiv t urrviicwtflvttit cs ;re- kiieowt tip initi1ate Icalithoe suniaee- ;lt, *c-i'lual gas in the exilorimcntaI
11 vta trical lerv;%kilo"it loetwev-n metal rit Ie nsoltes in tUWe have bet-1" it l 41anseti-eil in% oieithr jarojsioell ciglana-

'3 1tium' but the- ni. Iat~iriens invisl ed in the initiation tions. fo.r Ilorteatkfllew. Few of thoeim earlier experiments
.il that lera-ak.ia,~mii lia~v nott iecrn %%ell uhhiletsttiIl. waerV (aveartei lIf% the high vaimuum andl clean sturfaces
The' ;net-sent woirk aunt ern, a further studyv ofl Ihe ;iraila- 3vailitlale thtrolugh reently tleveloagteel techniques.'"
lentan ais a liket. of 'fo rics of ille'stigatt if,11 ,14eantnell livectrical fireatkilhwn Xvneralllv was eahstervetl at cakcu-
wsith lItfphenomen ai eermliatving fit'liI efli5itqdltto calev.c latael values of fihe electric tield aboaut ana tiniler of
trons at %e~ry .largver turrent ilensities. niagniaiiltti less. lthat% that requireil theornetically" for

Fideld em siosen wa% recogniizevl aIs tin initilintjg factetar . -virabilek tirlel vinltssilt. It was4 suialrnsel in; most
fear ther fiittakdowi ill static Ilrntetttila taf tile oraler to cases t h~a the rIe4 tier fwlel wan ttatensiftwel in ther vlcinitt
lIP kv bietweetn me-tal elect rimle, in vacuum in earlier etsraeirglrte"wtc ol et1 eovdi
exsperiments.2 When tife %tativ looteiltial wast increasiel opgtical micriastrolty. Arc-ing at electrical ciontacts ont

1~, the order of ItNI ki-, electrical larerakillawi wa in dlesure, in air waot rec-entlyrivnae as biering initiated
e'rasiagl eljw~eh'nton ota vltae' n cntrst by tiedl L'flhltkf att vdiIICP'S less than it%1411 vn'tsl.-' 1

wraith1 itolejwtlendtti too lcrrtei t lotlelagrer in 4,1111M,. Neither electrical hareakillown nor apapreciable iekld
fia other exlrrimrnls.'' I I when high. vealtages were' emisstion was u"Iaserved foar values of the electric fielil
alapiliei (for ithlort finw intervals. bireakdoiwn w~its de.* k's thtan thoase fear whkch ificlil emission is pareditetde

,wnlett o ilc eectic ie-et at he athl-.ha ome tlt-onetnivllv whena very high vacuum -tild smooath. ceaIen
exlwrimentsq, bre-akdoawn was thtought to for initiated bay eetel surfaces were obtained. Uneder such contditions
various mechanisms invoalving anotle material P-1-1. andl with static laoatentials, les than -1ll kv. the field

laawvemoe'reetlIvaiiela msli iuf i- mefnt density from a tungsten singtle crystal follwee
cients have bseen fosundl instuflwwint' fear a1 polwawtwl thle vilue larfroliocteel lay the wave mechanical hiekl

oernmissitn theory" up to) a currenat density eat the oatter
%ftist 0( the itutatrnnt for this wfork Wa" eatettuedii tif% the flP. o*ef Pr) ampere rm'.ttO0At largiter irect current densitieios,

PI Are tol \savpl Ressearrh; in faleant 1t life sueforielCl 1wi the IT. .1 electrical bareakdocwn was bebimerviel. U~nder similar
off Cliffnre hog h iiruaclalaaar fth nvul extperimental conditiorts when mirrotnseeeanel ploitentialls

W.l 1a1ori. flvr nd J. K, Troloin, Plays. Rev. ", s7g)I WPJS11. upa tta .41 kv weire usd, the fieki current tkensity In-
'A,.)1. Ahism, Maya4. Rev. Me 2J5 i19.116).-

W. II1. Iten,irtt, Illit. Rev. .t9 1111 (141.111 40. 4119 (t19.1). R.I T. Ravarf stifl 1). Allism, Rev. Mle. lastio. 21, kS 71 (I9.931 I
J.Cc (. 'tesstm setil R'. J. Van tip- C nisif. J. Apqdo. 1'hyli. IN. .4,11 if W. HI. 24roftlagham, Ahsomist of Melt Emlsi~ere Seemelooa,

*W. Kill.aatoI6in. Reelfoot oel 'tnvienth of Califosneinail Mactalon PA'. andnwrc Iet. 111411111f, Ni~dbmh iffl 6"A'i 11J.
l~leltllefV unlutilaheil. 4Mrdnt, 11Nerti, 1901 Veal. 24. Net. 2. po. 441.

*, I If. (iaP1rxnufaton- 11, 1 liii. n.un Milk, Rt~. 112_17. 7 (19-5t). ~W. *heith v. Yi. Fil"It 14. M) 11u44).
W. II tnet 'v.Rev, 4%. 01111 09.P44l. ie It. (If ' renw, 1. Atima. M'tY&f 933 (19t14 *2 IJ Itta
I~ai-Leettaleg .A~i.Iha ttl tii .I.I.fcmrit 'ALtmhJ Mostiw e. is3 11119!a

OA ~ ttIV, Vailft .i 61,.101. lintt iTtttyt, J 'Atilt 23. 141 11191M. fee If. I ISO"-. 1. I. I it. 144 f f"eM
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lt-d-4-d1 It h *qPOi-.I 1~.44.11t ia ill tilt- Il sxtile' prte.hý W1
1  

14191-1---t t4,e w id-r 1- ai~~rq t .a ..fliaj .dT In lif irt-ir
I,%tfi t:h .- r ' % e ta-ji ýllatrtrg- v'fsr-t. I ni-rere Maig itiaa'uruimeil v. ith tisr 4 nrririt shiri:,g airt 1w niagnsa-

niir ti tis a: ntri it~i uren-t dro-s~itv J, ill tin- rmigse tt:.h sif lilt-~ Litr ix.isjut uI ixah-rn-oFitropil till,
a ::: sznt-rr- knl'.' I -n sa a iurthrr im rras ill v..aillag wavr %haie~ tlarimKI, 4 irsnt I tif bnlvi%..0

tirre-t il~iv the swin.r trl~ld pni'.%ims a* W~~tripti. Afitmalirt its flt- irr.-ar. lawrfsaarvait. eof lilt- s041
a~tdiv~1 n itgst~ vatiistuil .:r, ulhi. It .1lter-n.l I.nitt'r %Vrel -flowmerv.-'1 ithli %Iirmuentl that I--le it a I

thr 4.tilil ter gv1)1110t %. Fi:~ t -ts i,,6.4lh 11t.1f t 1d lte t.Ale Wimi i-- ilmn-N tabile andfi, ut ristsulion unititr Il-c

41itir .u nnar. ht-Ar by~s' lx4 t, -u urit -Irwtiit -Al-tiieuthe f-t-.tii-j-rii-tu ittlii
a-mtt-nns lstt~lli : rnut.t-iisiv-h-~i-i~iit XPSXIMINTAL METHIODS

.ro.ht-ý.s. fit- wsjN ieh nisr. lani-sm Is-ikigasue juusrssisft%
It n;aS ret .siu4-1il.41 tha.t "_ -IfiVP~- hIwtItK wouldl ;oirwisk- Fitlal 4Imixisit Iis kneounitI s itsiitvat the cit-i triucul

an ujqn-r limit for lit- I urriftt Arntiirtierntl etl stably lirvakilsswn whoix-r study~ i~s the %uisiji-vtat fi t-e pdehspit
andi it nu..ko.sde ii 4.a wlwilieror list the.-Irl'siltL~ I-swok-. Is Ifirefssrr aprpears-si logical that thes tin-t ani
twistaitital in ft-frni-net I iiirn'%liikwelta i tha limit. inviolvest in thr initlatlhii sof that htreaksiltwn cimlsi [test

CAlteu~tiesus aire Iwirsesnirul in P~art 11 osf the prwn bet isletitppr.IT 1an u reti-nirnudti mi-thudl whith lver-
work- bir thp e iter rature rise vievivtel in a tyicsal "itittlel a simulaittmWstZ Itirtirtjitntisin44 titei vailuesI Ill

held~~~~~~~ .mte u e h r~sicp eu whe:n tile the- tartabk.4 funalamu-ital in twrlil irmisioin. i.e.. currenti
%inaultan~u-sux 4l'sipatiisn sit. th-at fly couluhtlitua LA slp"sitt .1, P-htstrttiels. iW F. ;111:1 Work func-ltion *.1". h-is

I aw ;,rl-sented variablets are relaites in tile the-ssrvi-tiel nhuetsirpl:U

cernling are inli'iatiu untler 4caxodititiis 4f emu~lvil
vactuum and a d-ean tungsten rathodle surface. The -A~!Irr J is it, amja-r"t '! , F is in volhts 4-m1. Mid 4a *s

isloens.-ir Inslitcateil that elitatrical hreatmaiswn under i9 41*ectrim v101%.
smith crimditions was not drepraient on hlrnnllsrilrdnt lit In mny of 14e e-arlier eIs-rinis-uts. unresi'dvesl
ouf the cathode by puasitive innso; howev-er that ev-istence surfauce gismsetry in isph emitter ;'n-alutlev! accurate
was largely indirect awl by np meall% complete. The Valculatil"n 4sf Imila ' .. J. When t'weli currents were
tontrilbutitin o1 suc-b cathoder bomnbardlment was evulu. itientitivti, use was mnade #If the emp~irical relatniushili"
ate! I*- more direct methosts in the preset work in betwee.n current I Am141 vIIIlA&M I':
ordler Ito)(1 determine whet her ortnot yet larger currentexs ItF1
densities desired for several exprriments were juhysitcally--h~2
attamuable, andi (2) better islertih- the mechanimm whih Itis an asletjuate prat-t-sttre lrssviak-4I thlat C andl /
fundamental to airt initiatinn. llontharilment of the are constantit a-& isullaisisedl by tile autheirs. III 1. t2).
cathode was minintiarl when the prnisdriinr of nm who notedl the rig-maus e~liruriin-wital -timnlitistns re-
was limited by uste sad very high vaciuum an! clean qitim Is* that laurlusse i very high vaa-uum atil clean
elecntrode surfaces. Ilsxmhardmeng of the cathoe If y 5Utufauesw. Uimttir s-~;iurimu-ntaI esuntitisus 'i'- are
c-hemically activre ions. if apprecuiable, wass reconimised tesis tavtourlelo- ut muai- (rsmiw-tetly rejerteal in earlier
from its effect an the emni'aiumn pattern from the clean Awrk, siagnifiatit time-Ad-;iu-uslent rhangets; in both V
tungsten emitter, whic-h pattern was v-iewed in a insui- ATal 19 are equu-utr-d in view Ill thle relcent tieldt emission
ked Mueller projetio tuhe."9 In one experriment, literature. Thirsi reisult fripm chianges itt 0 due tip surfaee
bombardment of the cathode by ions formed at the Conhttminitiitstl".1 11 0 anl tram change- in F ilue hoth
anode was til-ctluded hir usie of a voltane pwse wht t0thegewth of iy4astat ircsstf imjuritim tin tbeirmitting
time duration was shtort vuemiured with the ion trainsit ulrface& an.! lti the surface migration 4t the emitter

tims.material." A plausible comliinathmof i these effec-ts
In a serond expler~ment, the air- formatione was remlts in a change in .1 it) exce-i of a taa-ti- of 1tt0 at

observed with variaos voltages up to 60 kv of micro- utinstlant t-sthage. Use oft l-s. 111 when experimental
second durastisn to determine wrhether or not (1) large t-otilitkitio are s~uch that C~anel Aare not constant couldl
fieldI current densitwie were emitted stably at high result lin failure (1) to hirlnfift- tield vurrents as suc-h.
voltages and (2) breakdown dilepnsiled an Itotl voltiage awlis 12) itst Wistify the met-hanistri by whiui fheIs
in the manner report ed by Trump anl V'an dte iruafle ettiassam initiaters erlectrism.l bsreakdown.
under other experimental cwnditions No such effect The transition between the inrmal fi.ll u-milsision andi
was observed when voltages were applied few short t ime the vacuum arc was studlied previnusli-' with Improvedl
intervals by Kilpatrick,& Sloans anal Corpsilman.0 anl f*ie emissiion tedhinkluesP through wh~ich the values of
by 1)yke arA Trolan;' however the v-sltagm- umci in electric fieldl awl current density were kisiswn accuratel-
refevence I were low, i.e., 3< 1'<32 kt. prior to breakdlown. Thisaem tee hnisquest were op.ain usprd

A thirst erserimient ist tLest-ibe in whk h tf&e normal It f. A. Miffian andi C. V. taw-hawic. IN-s. Nat. Anud. -*1.
I . S. 14. 1 :101

"It. W. Muspbi, Z. Phya i& IS.13 (ml1). F I. W. mueler, Z, hI-uk. 12. 612 (1"1-si.
" A. 11iuhar. XA Symem Tmwh. 5. 38 qI7 u["t~4 .*hk- r. l1#4in'. iaral Itiit. 5. *"ptlai. 24. 570)

--W. alh-r*. 7.. thys.ih iS 53157. it-i



III liI 41"lNIAII11 -VI ,1

;1 I-vi,1 2tl-- ; 14 i ts ;411ih l%%ist- 114 l IvWt : , tc oi

tt.-rk i thre' caaiit:ie .ttirtai %r ~re Litsuti rit-I'u IF,-%ea~we .1.112 141r *19'43i :ung-Arn." u hi.:
014,Ic~ljw'~ sit 11tv Ien-r'eed uiliittilig -1 iae.- vka*
sh-tvirma,,rl 11% .&tijh -.-i 4ethtii 1`111- 1"ueh1 vn J'-in lt~'r

.42etw-zc1 ill :I MuclHrr 14c1.4 tilval tulm
".411t v fhil %.t' truni art i.. It~itutrl in hr'., than au C

III rw.mvs iet~e. e# twicsr%'an 1#6 Muni 11W li.meiswlt
*Iata tIuriktS jitvlsixltu~l !iwW imerval% Ili that fatier. To '
Vieltagor ma A- aelitd a p juti e4s mia re.wIn ml ted .utiatam; 0"JMM"
%itlasr mdn s urfrrn nen' n~ sore'isl it,

Pmrvieu"IA 1eteleiishic melUK61ie a.141 data vtft 1takin $"I
;fi iniljidigual j'ul~w Ie~ueA. 1r~imt inwraoneftivia fi thr
euswillovgr~aeht. tlif current .ie.1tag irlatiernxitil wapi

.krnuril ~ .ee~r; th .4 11w .lartnin rmiwst M4kM.EW
psatten i'nxas takent sIurng atash mit-nrtswseui 4-urmils

The jortetfilt rii5*trimoint.4 w-rtc Cs"Iuctuil in thePLT111
intiieeditwul Niurr projection oulse. ,ishpiaw in Fig. 1. M SLIVER
Fles-town iliv-crspr tromn tile fwlol rathoscle C' anti

~nsitc~l Hthe aitasel. a jptmi4%hvs wm4no I',where 11w Fic.. I. Etivta Iueiaei.teilw. 1'Ct. 641e
vnlargled ci. trima vine'imn gjaitcre. wast viirued. 11w e~hete;tt.-'.-Aahuasnuinumlake ait mete t.
tvreet!. a thin lyver oft wilirmite .m ig %rmWl was ft-iek.hig. 4tx mr f eeec r
guieuilrde on tiw inner stifface fbi ame hemisiviere of the e lt.atsivta iura eeen-1ar
Pymx r insr~fqav by the lacquer &m methnel. In ittlet Ito no~tte. It- th,, jaxcs wYAr, 1-mkirrsecond pubes were

iarvalea nwm""I nr .title which would comhu-~~t obtainedi frome an artitci lIne , while shrepue
arv currlents of the order of 0111 amirres without were eelotAineit fromn a 7tMh-cin ceuai cable. For high-
sihgnitirant anopl, postential drop4 a thin Isver of halntS. voltallor mit-rtwee"Isoelsuernatiun. a 1IIWI6kv. Ill ampiere
num f 14N)At, comnnectedl ertuirkally to thei anodle inseesl jpuahe t'Atntferfltiwuttiuliptil toy the Uni~vesuiy #I(
A.t wait evaportated onto the innter suefat, of the phons. (11aluteernia Radialilm L-aillraleerv. was taledi.
labor andi on the remaining inner surfam of the Pyrex asVMTs AND CONCLUSIONS
&lAs. 11ir aluminum film was transiamret to primary v~. .~

fithl lotn~s ithent~i ued erin"it was SKanlen~ Patter Whieb Mark the Onse
relatively- opaquiie to oieswer-energy secondlary electron,, ofBeadw
to) light, And to negative inns, thus limhiting emiassio
jiattefl alseratunas time to thu., causes. Since the 11,e vsjoriinental ilata fronm emitter (1-38 were
aluminum tilm shielded the cathodle from stray fields reteurelrl as shownt in Fig. 21. Fach emission pattern
clue top charges whit-h ava-urnulate an instilating surfaces. j,1"h'ogteilr~h ande the fosteillogru~ehs 4s( the current andl
it was luuauible to calculate the cadhode ejectric 661e voaltage watves with whic-h it was coincident were
atvurateh from the nmawaud patentwia and emitter obtainect eluring a snlmruecn interval of ogera-
11eNmetry to1w jimlas dlescribued technIques.1" tion. From thoave ant father similar dlata fromn the

Bly tue it the elluuerimenoital tube In tilt. 1. it was sanme emitter, the ciltrent-voltage relationsihill for its
julinuible tip nlume a series of electron emilakn pattern comibined direct current andl Imitate oixeraulim was
which were expoue during individual micromeranne lte nFg tntW iKleteKd~eqei~l

intentahs at succesivel hateased values of the applied joints which are lettereed correqnvud to the data with
lpotential during the transition fruit the normal field the samne letters In Fig. 2. Viesw data ame t1jm" of that
emission te. the vacuumt arc. From the ýtMimllunpauuers from each of fifteen emit tees which were tested.
it was PoMuD~e to detect marfore contam~inanto, crystal. The pwresnt stucky of electrical bresktim will
lite growth, anid surfaice migration or other geomrietric coesidefr the dlatat at the large current extremity of the
4thange at the cathode. It was alan jnmiltic to onwit or graph in Fimg. 3: however, a rief pvarenthetical comment
r"sda prMgie at duemnical active put"s and to can the rest of the data in that figure may be insitructive
-Wc1 isi ga r~averal toy saintS kions Thex X=ah tlepart3 from. linearity at (", such departure

l'iiwies all rhetiekmijy active gumw n( the unrtir oft being similar to that WiMerved for other emitters.
III nmin of Ifg whic-h were ufto in moiat l4t the prtesenti Thve e1lqiarture was assumved to hue an citeet of "uIT
work weft obtaineol by methodls ulisti usseel in references 1-argit (w- the c01ld cathoide emwakim. Figure 13 of
I And 11. refevrence I clominwa l the gmahable effect ad the sipste

~ ~'. 1. ~Ja.Ieh.Pbye. M.,.57.JOT I~S~icharge upon the surfare ehistrilintinn, .4 the fiund current
-4 f W. Flii awl~ L I~~k R(* kr 7 ,.eae seknitily. 11at reltualt i 4stalwhiativell ciunarmed by



Pi it. PIYKI . !URilf XN MARt IIN. N~l N 1)RA 1141t1'

Itc1- nr ,t, lri div L i.v'dtirretil fo v1it tinsrot reulN eIifl hiarvi.tively utniftirn Aurrrnt
ti ... **.%Ii. i.; tirgi. ia.Ik the Wuier t.t lenis lexurrpt ins Itt high work funt-161in 4110th*ry.4t31

I,-swr~el nthrlte -Lnim l t-iirr ~ilifis ovorr anB !initeat emittinug arret incductritag
~ ~~~tst.~.i n;. kv~ :i **t ~ j~itwii 4~A~ ~d3 muo..t off thr emitter heinisjhere. Th'e 4 flreltJtid'nl)k-tWeeti

AMI fill the %UýfJIvt id mutlt henii~herit-aI sin.gle urytal
tulig-ot'I tlipll emittvt! k~ Ik-A-ribril irlsewher.1- A
111"Mr Ijuits~titattfle anal~yms i2 lif te rffle.1-4 #if -qsair chargir

2 'ý1' in held emimto~so %II ife 1w ,winittest for 1. Iie~lt..m .t"
9 hLater dale.

Slarkr'i rh1asigr. in the niria~lUI 1 ffi:rTnat3U!e q*4 the

69 ~tiwki emitter were toli-srvrii junt ;ariakr tor eci~cri-al
lhtyaktilmnt. Aswi2mialk-s aloat-miWiytlhil in the current
wA%-c %hajw .anti in the emwition pattern sIuring a .41
IfetaCult increaw in curtrent uIonsulytv O. th irith-al v-alue
J, a~1 t whith an rei ute% iCl. Houwever. if irv wa-, *j avifL-ed
hiv kMepnx Ow current ationsity heISIw J, thnuie jfto-are
anio,maltaI-. asiui thae enire1? jwr~fimmanur of the emtinitem
;it all luwer t-urronia *k~teiwere trwirINI.io-ille anti
sre 'rsilhe.

Ftc- 2. TypI sqwiawitais dat a mi ... 1t lor emitter G-U barhdlag m~m patetn pbhatsplap (W)f M nlrW~e~mi

letiriantbeuia ofig.A. flrmt Cormm qiaupst at (9), pow damelt'o at (C). (D), MP., ansI (F). Perumaianuca at the 10eadoing and
Indfit edp raw u WCI pube wen due toi orircitry ro v f', a t hoc

N. 1.stMMAki and R. suhý~. Am.. Phyla I,!I5s (1947).
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Fit;.~~ 2. C.sioa

One. of the pee-arc anomalies in emitter lierformancev Electrical breakdlown ill lthe form of an% explosive
was an incrra~w in current with time while voltage was vacuum arr occrurrt:d wheui lthe a;ipplitd plen~ttial was
heild constant [Fig. Z(Fil. That anomaly, 1reviously' increasedi I percent to 2 percent aliove the value for
culle "tited current pulse" &nM abbreviated as "tilt" which ring antit tilt were othscrveol for each of four
hereafter, was not charaq-terisiti of the cold cathode emitters which were so tesetd. Mting and tilt were thtus
field emitter. rThe normal fihl current waq constant itirntified with the onset of elet-trit-al lirraktlown. An
when voltage wan ronstant as was exqwrclte from E.I. imjuorlawi oftservationa is that chlectrical breakdlown
(1). %uch a normal current piulse is shown in Fig. 201),. wa% piredlictabile anti not randotm as often suppotsedl.
which was typvital of that obtainedl from lower currents. Since electrical breakdlown was prrdtlictble. it wits

With the tilt there applearedl simultaneously an avoidedl to prevent the usual emitter daimage which
anomialy in the emission piattern, a "ring" of relecron accompianies liceakdown [Fig%. M(C) and 71, in ordier
emki~in concentric with andi external to the normal to obtain lthe electron m'crogiraj'115 of emitter I) 38
pattern [Fig. 2(EV. Evidently the ring was not dlue to shown in Figpu. 4(AI anti 4(10). Front thoseC micrographst~
electront emission under the influence of electric field the emitter geoimetry was determined as an aid to the
alone, since the increase in ring intensity during the calculation of both cletctric tield andi current density.0
seriea of laitterns 2MD) through 2MF was considerabiv The emitter was st.&ble during ring and tilt, as judgedi
greater than that expected from Eq. (1) for the. A ier. from the relinirducihtility (if its i'crformaitre (including
cent increase in aplqied potential during the sieries4. Thle ring andi tilt) as shown inl Figs. 21 and J.
expected change in current density was it factor of 1.6, Ring andi tilt were obiserved at a critical value of the
while the observed change in Intensity in% the ring was current diensity in the range for which electrical oreak-
in exces of an onler of magnitude, based1 on an estimate down was observed for other emitters.' The critical
aidedl by a den.sitometric analysis of the phoitographic density J.= 6X 101 amp~rwes4-m2 for the present emitter
negatives of t he emiwmion liatterns." Wast Calct-lated from Eq. (7) of refelvince 1. J. was

"Dlyke. Trolan. Itoln, and Gunadhauter Oin lIe published]. :111tmximntely' the aiverage current density through the
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*-.,. ~ ~ I it.t~ .. ~ a iti~attol I,% a Akirri-tit ihewtiil% rogaita6rl ring etj uwl tillAt, spear Oiw awlting
* 11-pri.,-1. l..ilt'.. ma.'itirnlr IN lp ~rr..;.t rit-3rr~i*Itil-l III 3Ititgoaio. Evloae eritp iataerhlj aliltar0 lip

* .. ~.llot.ii 11W -Alw t of .4 ths tuPmiit stir 4 1% [~sn i tt 11ae Wt rtj 41 i t.
~ I. ..~ a.in ' lot IN% '4 t ipi ~rr that *i-iittrr nutitra~izg, %ise .harV. iluritil: life Larg*is. rras*~ ilk

11111rtqurvs h lag 'thr nwiltifg guii-it I&! It~sfig-4trt 4 forrviti.. aat %t I M ika fling tieIrant.1 ia... (ripin tiw ridenimis its
j, tnr tv.. ia...n tlw ri-ipilivir gritirr.isam fd Iwat .luiing tit %at tiaunt tn*.f tin~lwmturvp i I-. *~fS 41 OIw twiltiig
tin' vmt-i--an 4e urrrut oknaitw' ~Alqi~itrtIatdl. ritual Ivoult arv Frqtifr'l hor 11w 's~rwrv-n tir~f~amatitin of tIlu
itseO athA.-g eelA.&io fidt.~ J., Is is gwvsently suJipquosec tathuirk dluring ar- [Iign. qCi Andl 71 Faiipewrmr.,
Oaf111. l rili. 414l tilt. 4tn1l 1Ow dn-trit-al lifataieswit tht- in. rrAw in ring intrnsity duritil tle MI-e M. o ig.

lthith It-ay tlfr~rivr. v~rre initiaetl to thermal dJCieis 2111 thitringh It' Wat wa t na-aiiaraliK greater zhan the
a. ..'ntjlaning that tenquloratire intwasr. It foollrows vurrviot diinuitv wis inc redict1"el th ictalI' fsir
frton, the -ipir nwhdanultm that the rmitter temliora- Irletj-r~atu"v les than 24NIWK to whk-h the theon- is
lure snr .Wailli time dluring mriecslinterrvak limited. When the, rmitltv r~alt 1"rlwItdto ZlIvt'K from
iii segeratieni andI frsmi Olw thetir,, #it Guinlt aitI NMutlia
that AM If a trulfurratute iirtifax wiuthl caurw a anrrei-
guusdimnl incrtawn to( current .IrvAity with time. Thilt
eflesi isliresumvil In arraunt (tor the lilleld rumnir~ 1SULW. ~
$4isnc the risst andl tilt occur simuhtaneiuausl. andl siniv a.c
teither v~an lie accountedt for hItol ci ~ athnM~k "Ieh

missivokn altomt. as notedl alksom, it is porrahabf that losith

I ~4~D*OTA MINIMUM

-4. No 9111? M 0 3

Fw. 4 tiawlI illi, vehctrewimww'rqh 40 two pr*Afro .4
All~it icqacrie It Mar at )" A q it * 3 an ramimrdnp

attem ~ 1m emlwrlt nn"itter B-MS iflengwal with rig. ZtFl.

at X1e. 0. the ;netlat ainitl few the appnazintan'hcir eekaI* emsiller tilt %a! flw5'48t% frlatii-c to ski- aplex.

Sasn external heat qdpturs it,% *ulspusrt filanirnessi the 9
emitter was stablte duiring the emissifyn tad mieinaeeonml
current denaitiesless than 1, 3 antd nwo evidlelvi Of
ring anl tilt was then olwrveal. PIormnsuabf temlorm-
ture~Svgreater than 2l(t%)^K are. reqiried (fit tl'us~e effects.

a ~~It 6Lt imsiortant titil n ththe resitive gseneratitom

dlenuawt with tempieraxture. sosulaine in a regeneratiiv
*mv vireing further inc-reases bts Ivith tutrent

-it dlensity awl temlirature. If, as sujegufeavl, the resistive
t.0 2.0 3.o mechanissn rIatlucirs an iteresax ink tempe~rature to a

IONV tv a VOLTS) ialtae near the melting uIi~nt of tungslten, further
Fk;.1 .4.M W1111411111' fV11117 6t cowimnmlu n4tirc-t curovat i!rmsi temle-rAture isv the regenewrative i'r'oem

MW F I, vl o-::ai! totrgasa tE9WMkr in FW.A . moulil le-ad tn emitter. instalality, Iuarticulasrlv in view
=*-l i~ WeruteuwqftiO WV94m1111 C TMS 10VI 14'; awahmh n( the large electrical force ton the emitter tipl. The

in ike iaW-as ew"a4i I% jrAEttn tkvti" 1rtoi ~ows~ tilt is regarded as eviflenaw if( that rgneraltive jatosen.ad.1 PIeiI fn~M 11 ti IFI. tFmitter instability act-rnmllnivtl electrital brea~kdown
HE. tee aMW v. J. Milmin, PhYs. Rev. 61, LW (M)~. Fig. 1 C').
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t1.1p itl 1.1 Pit rinar , i.. IlIL t rE ul'.irgi-nt!t 4. 1 Fig~O4m

x II I.~d~ .r r% '1.tl.l:gIL lag~i Aiii s11w fl9?

v. , '* -11- u .&1 0 cr 2 g I11 . I jIP , 1

4.\14.11 $*1 1114 rt-gl-1z RM, .11.4igt the virnuttrr '11ju.41 i.

IflW4.'I "On.a 1,1fltt-48"I 'lotiteti rilig ita drtemrnnw
Olv. arr.i A'A' .anes'q Itit n4gnitifit aiia it) theiw A ielte 16141
inl~ld g...r In -i ir tri-is'.ea Italttri'l t4% 811ilt~ s.ilzaII fltw avm VMASSguMT

i.. ila Limrml fihi sat ati itir't- at file 9tir~wt~hutdiUg

111ia e 4. i. jlt.1a11 iath jarrlwfre ta ala Ltier 411 1hW
nwarlntiu-ek 'ti thte eurrei~ lnvfint lb.- iarr;. RR'
ill Ilif J~I'MlA-1 t\11'rifnrttt. O p

lb.- vit-trii- 134.1d ua4,. tajluLet.-u Ity 1w int-thlals #gf

rrfeirtur 22 fort ~urfmv* ulwft q.4tti-4laror .tlr 14b
uerr uii hgible. Ih this.4 nethimd thetw tid at R. tie.
1, C. W.I~ .4. "X1 'ft vm tin 3 thaOt at r%%I vkAX IW
v .-m when tin ntllaht-a luaitt-nial was 41. kv, the- ialue 9W 111:1 1 Im a
Air whit-h ringi eand tilt were ithitrivel. WVith the %aftw
pnitent~tl. th-t- nek&tiriv *10e at the emitter alvx ^L!
74X UP v- em. The lattre "Irh wait ealrulateul inmn'

F% - anvl the olaiuqevil %-ahw of the crrnent efrissitv

methvik in refevene 22. Apglaerenth- the .Iirefntv in
us-il btwern Rt tat% Jr staccunts far the eebeerwril

stiifi-rnme in ring intensity in~ the emviiioi jattern.
Fig. 4aC0. at the cnneapnndtifg gmtints I anl 81 whtwr
witirk funu-tinms ame simailar.

it mav he % inniduedfro (m this wi inn that eket-ri.t-a

Nnebf O. I MIl femittl \.1* igm. 11er W

Kirttricral breaketown oirmned at a critiral rum-nt curn ilentitv. Hmakelcuwn clue if, itin lornloiment
,L-rsatv J, of the ordere of 10' 14w~~u fth lt might morae lrinteIlhi he elittlrel to) firlencl tat tot1al

mL-rntrnnl fild e~nn mam lean tttt ~l" I WsolaWe hut this was neit fslAv* -"I ee tl wer t he prrnnvt
high vacuum. 11makdown anarently reatulteil frnw m ikm
them-1effiCeIs whtenI the emte wa r~iiii" w el Although the evielereu against the initiatitn .4 the
2. An VW=R.d" Wifgto CSW glngfdgmat ;wem-nt ltw~kdnwn bky gmit~iie inin bnmrrlaariment .4

ft= I Faln at d. Aso&. the rat hock wits rortsaclerulle. it was nevenhelt-si

The electric~al limitclo1.n demeriheut in the ;are-vilts harpe-l inlmit It w3s rr-vnixrt that lKeimisantment
wertiiwax atirently initiated1 tn thra u-oftecthodle lir rhemmrlhv inat-ilic ionns might nuit he

butinit of other heat uarres appeared negligibler Onie r~tteii. That methodt woulid he ja ik'lariv ineffecrtive

%twh sintte, the hilmhurutnaent of the cahoehy Inrwdaeletivln ion lrnntarwtment alonig the emitter shank
jmsitiie ion&. wait intentuamatly mininuiacu. Iiigh rn re-I whirh prertwlewl an arrurate evaluationt of
%a-Auum anail, in sonme cam.' weII-otpnmeul elernirele i t~he rv tent okensitv in thow arras thile parsi-eling
high me-hanglinint were uftcl tommwnimix the jurweiwtictm Wn.-6111 of this guagu'r. Fufirotaure. the ume-ul features
of linaitie innic hy (Wll eleire"Wis. the-ct evidek-nic was iff the embicion gt, licsite weir icts'stk" doealuring the
cohbtainei I frmi lth t"Ie- emimnemn lair~ems ISig. 2) thst ittiWlu arlt, r!W-e Fig. NMI) anti any vomtribution
horitbardment 1w ehemnieIhv active itcns (anif resiclual a,4 inn holmbarehment of the 411atluwle ait that timeac must
gas) was neglig4ible gior to bmickdown. OtMher evitiuir-ne he judge-c by other means. Exsgwriments 4"esncribe in
minlit ating that ion laeamharwiment was negligible is w en th Wi anti in Ithe following W-v-ions of the 4 f 411 t liaiw-r

W I - JL
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FIG. 6. Fgseriim''' dtai as ftanchu W luris the arematm of she twin cathude shemm in Vic, 5. IM) the cmIsseci eait rA6
ntleta of Imtb catbmkls IIuIim sIrewt cuirmn .qI vilommci (80 the riumbimWj pattern wmith current awl %eltag nwilwwrshb ini 4 ngk

rqin-sunn with iqwv charws butt without wspe aa annitarmoe. (C) rim ahem-ed tsnoomtric with vrintilm sianr~m ftrom reth"t.
ttala curnmi trac fit.n Imah cathrurks "tdq4ed." 11H pbhAngui %4Jie IFiin mun .5:lse ~ 'Mik If

It-oft jL; wav1~a vtlilmrne ('in. 1 Iui hnna -lim I -r~reft5 .4'toat~im after the wtv (at cathauls Not. 2.

*K. It tiigoi" Patitimm Tu (Mc~raw-Ifill Book CUciray. In.fc.. New Vtwt, 194011.
* es, o s. W ON be pubAhhg).
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4ecwwi voae Iuls awli 8.54-n clot-ntak 4.mcig 3. Are Formation With Micnoecond Potentials of
(Fig. ) with vgsaxestelou- I14)kv. Sw-hadsasarranjerment Lge Mataitude
cxctahdedop Iftmn~it during the juhw Ilimle lay isais, WhSis h Ftsgislur is& lesmilumnritrt .-f iw -aihiusde liv
ocif r~furedl Inimn aartre .surh as aluminum from the l~sawiic inns" Wesuld Ise r~iu.tiss Its int-irasse with th~e
anode or xg OY t' Sn'fithigrna ~htlowse thereun. 3pplird~ j~iutirtial isetause of ins-raed kal nn . inrgs.

Thuvacqscmtesl. rming. till.an"lthet es'tnsal beakuiwn .%Ih'nmugh that rust hallismn was juegI j~ss wglipigld in the
,it emitter X.AJ ressultsil at J.-4X III; amlsm em'.iil 9-yw Oteis jus tleftril'si.1 it %%"I4111I It' atlvull
the sitwsuaW~ing tunes 4 4urfetM I ardYilta v4U r I* or# the "vstaenfesI4. 4"a~erv"'s by~ Trump A1141Van te

*being I - i103 amniwr. I' 8.1(1 kv. The value (A J, (si w (raafP at higher viwapaeris an-Cunsler exjseaimental
this emitte? was jusloi irointa i'% e*.irkal~ Iehaviewir senslitimsi 4litfiwat foins thaise uses herein. More
using F4. 11) anti the gnethock4 Wi referentv 1. My thiis recenly, heiwever, juiNS e d it r ini.st5akmuI (vOfikiefits
meuthod. J, was known within a factor uf A mansi it ix have benvi miusts! inputlijsistit for tiw lm~Istord jiartirle
noteworthy that this value was in the range for whis h exchange medcannism.1
laffakikiwn was cbmervsic tAir other entiters A It was therefigre tsimbras Its slAmelrv an- tearmation

T7he data frum other cruittews were similar when a with the jwemnt Itccfniqtris anim at high"r voltaprit
Imaher length ai( 3X Ilk mevwl was tused. and that than those iseti pmisvuus-.1 Isar visages in the range
perWo was cuunsisalumily t hswlr than Imp tranoilt ime .50itu 1135 kv an emfles tif tip radius of the frderf dIIY'"
o~f the kms and dhusters notaed above. cm nas requiml. Quite hy duet ,'e sut-h an emitter,

It is ramrhsodes that ring. till. anti an- tsatmatism in X.6-V . was (twinedi in the s.twrimentisl tube (from
net "eqire the scamharsiment sit the sathnit-hby ions emitter X-n'.! when the tip of 11w latter was. increaft-4
or duosters (rain the ansasl: nmilrsial tor fn..n its askiwiad in ralm liti In A) lit' 4cm during the vacuum are
Vise under the present exissrunental conditions deustrilsesi in tOw elm uig exiveriment.
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- ii- '..4i4 Ovii aIu lj. it 'th hi' mgh.r 1s.Iieeag'. it'r fqke ing Ilstio ret'll I dtIINli't. -. a iI I it I I %tlalI -s1.0

111 ii ~ e U11 Vii di ;,ii .1, ua ietivistitiveeI It v lilt- rim is, *enigeeae'e'l its their '4eIsit ritii InsvlI~it a silv till9
.m.! tilt .1 ;il alts ier iii ere'r lt. filitaitt Oct trieat-,im Ig fe gart.1visk' -,ilniiar gorethltieseitie', low 11;4 lssoittltrdl

n ' .p r-eJ 'I.' -4i 1Iid. vitlitte I'. 1,114' re--ilting valuti #o .1, mewI~ eif vas It dialli-oe' Iny ionst trialis the' eeaetat. With at;eu
""...~.~ ItI l ~i itt 20 lot're ell. allot1 itis %ill4Iilifcalil that alosoll.~ lte 4 atlttnkoh %jhl2S itig Ift I - lit aiiel a Ilitu yer1. Osi

:1 -tttt~; ' ede' .1 X IM ail svw~.rrs - tit', uaille lie I,"- ;qqippliot ;wivteeht -~i*tf 17 kv. gai. irmers c'r~ y ilivieu ,%:i,

't te 'I h11st %%his t Ii estialte'e the' Ill%~ -% ;,11.ege jap-sitle' tiurasg tile' puke 1ste. litTe' ath ie"IR" 11;1-1
.5,., i-1 tilt-' -ha tuiv e'. i~te.. .1, Ix lIff 3tniIl'ne. - tit . ii'arl% .,412 iti 1 ge'eanl 'r' I* Iii 5'11 II ýiide he',l e'

ih.,u h %.Ouv lea.rt* ji 11h4, M~tit'i. ti 6ound 6or it't'r v'ttiticer-. aiscarly equai~l valet.-.5 e'l,' ~t Iri lit If! aw~l i tsifl'i-t ilvi'it.v

Ps it.I~t tt'tIt I'. re--titel 515 -L Anti'L'e ir aaiae'ei it ft a','4 ir ~ig't'it Y011 l'4 4;ll liet4I fiet- realo.esae4 I-ail l Till.

livid. 411e'if ?ttr. Ill tile wst t.ga~~e vw tyli~te' ta If a -'a;i*suflt lila %-w lit.iiti:-te'tl byv a1 s irr-t'it e'i,-titi

rie'4re'illt 1. ths In' Is'lictklt %pt.eisg lot-itg 0--' til to 1.4 I ki ietirtel'il niet hatiitam. a, dulolovsve'il, line'ettlt it i htsilal
-Mt illNai i tp 21,1' t.'. ewe tur firs~t atI th.&t *alient' 1v %ill, lilt-' vireaftesturrewe

C .t ~i.,.l. li-ltiit2rtikeit'gt vsaj. intl e".eIeele'el 11% rrml'eat les~tristv. H the' art isic'. ~eah'a jorimarilv i letlesohlc' ifir
4. itI: I tratisit Itintre I ;tit-li'hge .tl~g' k rf~l~ed its tIhii notonwila. it walla reiogi'en,.icl that an) are af toitee' sallsrpoll'

a.'t~i.te~t.'.te ,'kI~'n*~ a. e~~ r ites e' might tiet caust an arv' at the osther. lit tl~se. even5t

illititetel l1V tiat JIVreki'ev,4. .rn- iltitiatitul ev.itk'iitly tie- examination of the iris'saitin pattern ti5 thrs' eu".'i' isag
esnis. ll rrrist ihrt-ie'n.jimvnel'tiagrrIefet I i-eeisolwrv'et catheule weulal v'iele dircd i'i-t eitnv I itimet'liftg the'

iear the' cit'trs. al lfrw'akilcws, .4 fl1'etrlmettlml jusittroiiii manl litutele ed tr:ithexice IsMMbarteh nt I.'.- 1-henmitally
Ilittle'r tlt-i I.re'M'ni e'%li't-ilWnttte a et1lietitifli, the lesttsl ac'tive leanid (rnt the' anetmk' isr the' rtrA.!.tZ! gil.- iluring
'iti.agr'i ranco' lidte'iag 5':ý l'.eif Lv Vaiwn Oarrv'iusen Ciatl as. at the' tilt Ler eathisok'. 4 )n the either hattisi if all arvs
we're' incluwli-l. It aliirrst. tIhIt the ittlitiatlel~i tbS lieak, At one Va2tI141 tN ;.is.ateeil art ire' at the othe'r at ai lonver
ticiwn wase agalin thire to, Itlrmal Ve'~tT - At. 1 14111011% .iwig MI'titettt ele'nll~k't that fest which arv uast e'WIe tced
rt-m',ti-tvt hea'2tingL at the latter' ctim~let'. thlnit'i eItorisha rsteIntie'it vqottiel liee

It At~hiviil Ise niti'te that file plresentt .1.112 freaun ena It llunae'ete'et. I
e'mitte'r weret Ajtaiiie'tl ftroom) a tteatl oit almotet twits T'wo a eile-ehaleotel tungtenttt tielel e'flittiirs t'Cit Ii
hUieiftileI ind~iv.iduai lhe's'cItI vrure'si ptuke'. It is. echmments ullusrt fi~lamen'it [F'ig. ;tA.)] 'Acre' (alhe ivticte
notl known wee't hers or huit ait lsi'l pri set. %uMi doaubt ini iate' 1y livei"wiusty flceia-rilo'il tee'hnieiues.!' 11w twos eniitt'r-*
br'akeseown if the' vthotletk were e'rr e ate'elly jtuketl fcm hall ne'arly iole'ntit'al vone inva ldrt after their t-inttltatte'eitit
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